Molecular-scale dynamics on the nanosecond timescale or faster can have a measureable influence on isotropic NMR frequencies of quadrupolar nuclei. Although previously studied in solution, where it is usually referred to as the "dynamic shift", this effect is less well known in solids. Here we demonstrate that multiple-quantum NMR measurements of isotropic quadrupolar shifts are a simple way to probe nanosecond timescale motions in solids. We measure the 11 B (spin I = 3/2) shifts of the resolved boron sites in ortho-carborane as a function of temperature and interpret the results in terms of the known rapid tumbling dynamics.
Introduction
The coupling between the nuclear quadrupole moment and the electric field gradient across the nucleus is an anisotropic interaction of spatial rank two, conventionally parameterised by a coupling constant C Q and an asymmetry η. In highfield NMR, this quadrupolar interaction can be treated using average Hamiltonian theory.
The first-order correction to the dominant Zeeman Hamiltonian is also second rank. For the commonly observed "symmetric" NMR transitions between Zeeman eigenstates m I and -m I , however, this correction vanishes and is therefore ignored in the following discussion.
The remaining second-order correction can be decomposed into three terms, with spatial ranks zero, two and four. The second-and fourth-rank terms result in inhomogeneous line-broadening, while the rank zero term causes the well known isotropic quadrupolar shift [1, 2] .
Since the average Hamiltonian is obtained by averaging over the Larmor period, the effect of molecular-scale dynamics on the quadrupolar shift depends on the timescale of any motion compared with the Larmor period. In the case of motion that is much slower than the Larmor frequency ν 0 , the average Hamiltonian expansion remains valid and the spectrum can be determined by calculating the time-averaged second-order Hamiltonian. Thus, if the motional rate constant is significantly larger than the secondorder parameter 2πC Q 2 /ν 0 (but still much smaller than 2πν 0 ), the second-and fourth-rank terms are averaged and, in the case of isotropic motion, are reduced to zero. The zerothrank term, however, is orientation independent and unaffected by motion on this timescale; the isotropic quadrupolar shift is therefore unaffected [3] .
In the opposite case, where motion is much faster than the Larmor precession, the effect of orientational averaging must be assessed before the average Hamiltonian is calculated. This means that both the second-order broadening and the isotropic quadrupolar shift are affected and, since the full quadrupolar Hamiltonian is second rank, rapid isotropic motion averages both to zero. Molecular-scale tumbling on the nanosecond 4 timescale or faster can therefore have a measureable influence on the centre-of-gravity shifts of quadrupolar nuclei. This effect has been extensively studied in solution, where it is commonly referred to as the "dynamic shift" [4] [5] [6] [7] . As pointed out by Werbelow and London [7] , however, it is better described as a quenching of the isotropic second-order quadrupolar shift by rapid tumbling. In solids, in contrast, the effect is less well known, although temperature-dependent isotropic quadrupolar shifts have been observed, especially in single-crystal and static-powder NMR studies of ionic conductors [8] [9] [10] .
In this Letter, we demonstrate that multiple-quantum NMR measurements of isotropic quadrupolar shifts are a simple way to probe nanosecond timescale motions in solids. We measure the 11 B (spin I = 3/2) dynamic shifts of the resolved boron sites in ortho-carborane as a function of temperature using two-dimensional homonuclear ( 
Ortho-carborane
The structures of the closo-carborane molecules C 2 B 10 H 12 approximate regular icosohedra of CH and BH units. In o(rtho)-carborane, one of three possible isomers, the two carbon atoms are nearest neighbours. From 275 K to its melting point at 570 K, ocarborane is believed to form face-centred cubic crystals in which individual molecules undergo rapid isotropic reorientation (an additional but closely related tetragonal phase may exist between 275 K and 290 K), while below 275 K an orthorhombic lattice is observed and the reorientational motion becomes increasingly anisotropic [11] . A more ordered phase is thought to exist at lower temperatures [12] .
Experimental
Experiments were performed using a Bruker Avance NMR spectrometer equipped with a widebore 9.4 T magnet (corresponding to 1 
Results and discussion
11 B MAS NMR spectra of o-carborane ( 
where δ CS is the isotropic chemical shift.
[It is interesting to note that the use of spin I = 3/2 multiple-quantum NMR [16] [17] [18] [19] Clearly, if there is no quadrupolar shift, the central-transition frequency ν CT and the triple-quantum frequency ν TQ are in the ratio 1:3 and the peak will be centred on the line δ 1 = 3δ 2 in the MQMAS spectrum. Peaks with an isotropic quadrupolar shift are shifted to low frequency in the single-quantum δ 2 dimension and to high frequency in the triplequantum δ 1 dimension, displacing the peaks "below" the δ 1 = 3δ 2 line in the conventional representation. By measuring the δ 1 and δ 2 frequencies of a peak, the quadrupolar product P Q can be calculated using Eqs. (1) and (2).
In the presence of motion, however, the value of P Q measured by this approach is modified and therefore we label it P Q eff . This can range from zero, if the quadrupolar interaction is averaged by rapid isotropic motion, to the intrinsic P Q observed in the absence of dynamics. Intermediate P Q eff values should be observed when the motion occurs on a timescale comparable to the Larmor period or when the motion is anisotropic. In Fig. 4 , P Q eff is plotted against temperature T for each resolved site. A number of observations can be made: (i) as expected, P Q eff decreases as the temperature is raised, consistent with increasing motion; (ii) the intrinsic P Q values of the four boron sites are expected to be similar in view of the near-icosahedral molecular symmetry, so we can conclude from the large spread of P Q eff values that even at the lowest temperature measured (223 K) molecular motion has not been "frozen out" and remains approximately on the timescale of the Larmor precession; and (iii) at the highest temperature shown in Fig. 4 (253 K), P Q eff is zero for the chemically equivalent sites 9 and 12, but non-zero for the 8 other resonances, suggesting that the motion is anisotropic, as the degree of averaging will depend on the relative orientations of the quadrupolar coupling tensors and the preferred axes of reorientation.
In the high-temperature phase of o-carborane, above 253 K, the MQMAS experiment used in Fig. 2 and described in Fig. 1a failed to yield any signal, presumably owing to the absence of quadrupolar splittings. An alternative approach was therefore employed, based on the methods of Yen and Weitekamp [20] and Müller [21] . In this 
Conclusion
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The preliminary results presented here suggest that dynamic shift measurements by multiple-quantum MAS NMR experiments on quadrupolar nuclei are a simple way to probe nanosecond timescale motions in solids. The method is especially useful in cases where the typical or "textbook" second-order quadrupolar lineshape is highly averaged or obscured by other sources of broadening. In contrast to methods relying on the measurement of T 1 , T 1ρ or T 2 relaxation parameters, the data can be quickly interpreted by visual inspection of two-dimensional NMR spectra. It seems plausible that the site-specific dynamic shifts encode information about the mechanism and timescale of the molecularscale motion and so could be used to verify molecular dynamics simulations. 
